Abstract-Most recent experimental advances could provide ways for the fabrication of several atomic thick and planar forms of boron atoms. For the first time we explore mechanical properties of 5 types of boron films with various vacancy ratios ranging from 0.1 to 0.15, using molecular dynamics simulations with ReaxFF force field. It is found that the Young's modulus and tensile strength decrease with increasing the temperature. We found that boron sheets exhibit anisotropic mechanical response due to different arrangement of atoms along armchair and zigzag directions. At room temperature, twodimensional Young's modulus and fracture stress of these 5 sheets appear in the range 63-136 N/m and 12-19 N/m, respectively. In addition, strains at tensile strength are in the ranges of 9-14%, 11-19%, and 10-16% at 1, 300, and 600 K, respectively. This investigation not only reveals remarkable stiffness of 2D boron but also establish relations between the mechanical properties of boron sheets to loading direction, temperature and atomic structures.
Introduction
Boron has diverse forms of allotropes [1, 2] , including 0D clusters, 1D nanotubes and nanowires, and various 2D sheets. Boron analogs of planar carbon allotropes such as graphene have been recently theoretically predicted [3] [4] [5] [6] [7] . These 2D boron sheets contain of hexagonal and triangular lattices and they present metallic electronic properties. Exciting experimental advances have just taken place with respect to the synthesis of two-dimensional (2D) boron films so called borophene [8, 9] . Boron sheets with the ratio  between the number of hexagon holes (or number of missing atoms or vacancies from the original triangular sheet) and the number of atoms in the original triangular sheet ranging from 0.1-0.15 are the most stable ones and planar [3, 4, 6] . Further, Zhang et al. [3] showed that structures of boron monolayers depend on metallic substrates on which the boron layers are formed. Among all boron sheets predicted theoretically, triangular boron sheet (=0) and boron sheet with =1/5 were recently grown on Ag substrates [8, 9] , -boron sheet (=1/6) was synthesized on copper foils [10] and on Ag substrate [8] . So far, the studies on mechanical and physical properties of boron sheets are quite limited. Peng et al. [11] investigated mechanical properties of -boron sheets (=1/9) by density functional theory (DFT) calculations.
Electronic, magnetic, and optical properties of triangular boron sheets were recently investigated by DFT calculations [12, 13] . 2D boron sheets were theoretically predicted to exhibit a superconductivity [14] .
Motivated by the most recent experimental advances in the fabrication of borophene films [3, 8, 9 , 15], various properties of 2D boron sheets should be studied in detail to provide better viewpoint concerning their application prospects. Because of the complexity, uncertainties and costs of experimental characterization techniques for the evaluation of properties of atomic thick materials, theoretical and modeling approaches can be considered as promising approaches [16, 17] . Among different material properties, mechanical properties not only play crucial role for the strength and durability of the performance of a material in service but also provide a data base to help designing nano-devices. In the present study, we aimed to provide a general vision regarding the mechanical properties of several borophene films by performing extensive classical but reactive molecular dynamics (MD) simulations. It should be noted that based on the experimental findings, although the borophene sheets were grown on silver they interact weakly with their substrate [8, 9] . This implies that experimental evidence of free-standing borophene is highly probable in near future.
Therefore, in this study we only considered the mechanical responses of free-standing and singlelayer borophene films. Nevertheless, possible effect of interactions with substrate on the mechanical properties of boron sheets should be studied in separate investigations. We studied the mechanical properties of various free-standing boron monolayers at 1 K, 300 K, and 600 K. Young's modulus, fracture stress and strain are evaluated and the fracture mechanism is also analyzed in detail.
Method
ReaxFF potential has been used to model B-B interactions [18] . MD simulations were carried out using LAMMPS code [19] . Verlet time-integration algorithm is used [20] . Periodic boundary condition is applied in the planar directions (x-and y-directions in this work) to remove the finitelength effect. This way, we studied borophene films and not the 2D boron nanoribbon with free edges. We studied the mechanical properties of single-layer boron sheets, hence, we used a 20 Å vacuum along the thickness of the films (z-direction) by defining a fixed simulation box size. MD simulations were carried out at 1, 300, and 600 K. The structures were relaxed to zero stress using the Nosé-Hoover barostat and thermostat (NPT) method for 1.25 ps. Uniaxial tensions were carried out in the armchair and zigzag directions (notations are indicated in Fig. 1 ) by applying a constant engineering strain rate of 2.5 x 10 8 s -1 in the tensile direction. Based on the applied engineering strain rate and the system simulation box size, the velocity of the loading was calculated. Because we are dealing with single-layer boron sheets, the stress in the sheet thickness is zero (z-direction).
Therefore, in order to guarantee uniaxial stress conditions, zero stress condition in the edge parallel to the tensile direction was achieved by altering the size of simulation box in the direction perpendicular to the tensile direction using the NPT method. Table 1 summaries the geometric dimension of boron sheets at relaxation at 0.001 K.
Macroscopic stress tensor is estimated by using the virial theorem [21, 22] : Due to an ambiguous value of the sheet's thickness, we use Yt and t for 2D Young's modulus (or in plane-stiffness) and 2D stress (or in-plane stress), respectively. However, in the remainder of the paper we will use Young's modulus Yt and axial stress t for short.
Results and discussion
Stress-strain curves under uniaxial tension in the armchair and zigzag directions are plotted in In these cases of brittle fracture, maximal axial stress (or tensile strength) and strain at maximal stress refer to fracture stress and fracture strain, respectively. At 600 K, under tension in the armchair direction, the sheets with =1/9, 1/8 (A), 2/15, 4/27 do not exhibit brittle fractures as shown in Fig. 3a, 3b, 3d In both zigzag and armchair directions, strains at tensile strength are about 9-14%, 11-19%, and 10-16% at 1, 300, and 600 K, respectively. Strains at tensile strength of the 5 sheets with =0.1-0.15 increase when increasing temperature from 1 to 300 K.
Under tension in the zigzag direction of the sheet with =1/8 (A), strains at tensile strength are slightly affected by the temperature (about 10.5, 11.0, and 11.2% at 1, 300, 600 K, respectively).
Slight increases in strains at tensile strength under tension in the armchair direction are found for the sheets with =2/15 (14.3% at 300 K and 15.1% at 600 K) and =4/27 (15.0% at 300 K and 15.6% at 600 K) when increasing temperature from 300 to 600 K. Strains at tensile strength of other cases increase with an increase of temperature from 1 to 300 K, then decrease for a further increase of temperature from 300 to 600 K as shown in Fig. 6 . Hence, strains at tensile strength are highest at 300 K (among 3 regimes of temperature) including: under tension in the armchair direction of the sheets with: =1/9 (11.8%), =1/8 (B) (16.5%), =2/15 (14.3%), =4/27 (15.0%); and under tension in the zigzag direction of the sheets with: =1/9 (15.4%), =1/8 (B) (17.3%), =2/15 (18.6%), =4/27 (18.0%). It should be noted that mechanical properties of graphene decreases slightly when increasing temperature in the range 100-600 K [26] .
The toughness of boron sheets decreases in general with an increase of temperature as shown in A comparison of mechanical properties of 2 boron sheets with 1/8 (type A) and 1/8 (type B) is shown in Fig. 8 . Atomic structure of these 2 sheets with 1/8 is schematically illustrated in Fig. 1c and 1d . Under tension in the zigzag direction, the sheet with 1/8 (type A) exhibits higher Young's modulus, higher tensile strength, and lower strain at tensile strength than those of sheet with 1/8 (type B). Under tension in the armchair direction, the sheet with 1/8 type A exhibits lower tensile strength, and lower strain at tensile strength than those of sheet with 1/8 type B, while their Young's moduli are fairly different.
Effects of vacancy ratio  on Young's modulus, tensile strength, strain at tensile strength, and toughness are indicated in Fig. 9 . Fig. 9 includes the sheet with 1/8 type A and excludes the sheet with 1/8 type B. At a given , boron sheet exhibits anisotropic because its mechanical properties are different in the armchair and zigzag directions as clearly seen in Fig. 9 . In general, Young's modulus decreases with an increase of the vacancy ratio  as shown in Fig. 9a and Table 2 . At 1 K, tensile strength decreases with an increase of the vacancy ratio . However, tensile strengths are fairly different at 600 K for 4 sheets with 1/8 (A), 2/15 and 4/27. It should be emphasized that even a single vacancy could reduce significantly the Young's modulus, fracture stress and fracture strain in graphene [27, 28] , boron-nitride [29] , and silicene [30] .
Strain at tensile strength increases with an increase of the vacancy ratio  at 1 and 600 K as shown in Fig. 9c . It is noted that an increase of fracture strain was also found in graphene when the defect ratio falls in the range from 7-12% [31] . Fig. 9d shows effects of vacancy on the toughness of boron sheets. At 600 K, the toughness increases with an increase of the vacancy ratio  under tension in both armchair and zigzag directions. At 300 K this tendency is clearly found only under tension in the armchair direction. 
Conclusions
Extensive reactive modelcular dunamics simulations were carried out to investigate mechanial properties of 5 boron sheets with various vacancy concentrations ranging from 0.1 to 0.15 at 3 temperatures 1, 300, and 600 K. Our findings can be summarized as follows:
as below:
 Several reactive and non-reactive force fields were used to model the 2D boron using the classical molecular dynamics simulation. We found that latest ReaxFF force field developed by Pai et al.
[18] provide the most accurate results with respect to the first principles predictions available in the literature.
 Young's modulus and tensile strength decrease with an increase of temperature. Decrease of Young's modulus and tensile strength from temperature of 1 to 300 K is larger than that from temperature of 300 to 600 K. In both zigzag and armchair directions, strains at tensile strength are about 9-14%, 11-19%, and 10-16% at 1, 300, and 600 K, respectively. All studied boron sheet exhibit anisotropic because their mechanical properties are different in the armchair and zigzag directions. axial stress is about 12.5 % and 13.3 % in the zigzag and armchair direction, respectively.
